The phi meter: A simple, fuel-independent instrument for monitoring

combustion equivalence ratio

Vytenis Babrauskas, William J. Parker,” George Mulholiand, and William H. Twilley
Building and Fire Research Laboratory, National Institute of Standards and Technology, Gaithersburg,

Maryland 20899

(Received 1 March 1993; accepted for publication 24 March 1994)

An instrument has been developed to monitor the equivalence ratio in combustion systems. It is
based on a novel oxygen consumption measuring method. The instrument does not require
knowledge of the chemical composition of the process being monitored. Both gaseous and solid
(soot) products of incomplete combustion are successfully handled. The device is relatively compact
and can be developed for moderate cost and portable use.

I. INTRODUCTION

Gaseous carbon monoxide is mainly responsible for
deaths due to unwanted fires.! This has been a major diffi-
culty to specialists in fire protection engineering, since quan-
titative methods for predicting CO yields from building fires
have not been available. Recent studies®™’ have indicated
that the production of CO is primarily controlled by the
equivalence ratio ¢ which is defined as
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where “stoich” denotes the stoichiometric fuel/oxygen ratio;
it represents the actual fuel/oxygen ratio, compared to its
stoichiometric value. Thus, ¢<1 implies fuel-lean and ¢>1
implies fuel-rich combustion. In the above definition, the
oxygen includes only the oxygen atoms in oxidant (air, etc.)
and not any oxygen atoms which would be present in the
combustible species itself. Note that ¢ is independent of
whether mass or molar quantities are taken.

Studies by Toner et al.® on methane, Morehart ez al.* on
methane and ethylene, and Beyler™® on hydrocarbons, alco-
hols, as well as several polymers, indicate an abrupt increase
in the CO concentration by more than a factor of 10 as the
global equivalence ratio increases from about 0.5 to 2. By
“global,” we mean here the overall equivalence ratio for the
combustion process and not any spatial variations of fuel or
oxygen concentrations. Beyler’s™® studies also indicate that
the CO yield is relatively insensitive to the fuel chemistry for
global equivalence ratio in the range 1.5-2.0. Experimental
fire tests with building materials’ have suggested that, under
certain circumstances, the yield of CO from a fire is deter-
mined only by the overall ¢ of the process, with the actual
chemical nature of the fuel in question being unimportant.
Recent studies® indicate that a simple relationship of CO
yield on the global equivalence ratio (GER) may not be ap-
plicable in the cases where the fuel is situated primarily in
the uppermost portions of the fire compartment; compart-
ment temperature is also seen to play some role. Nonethe-
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less, the GER theory is very promising to practical predic-
tions of CO.

It is probable that over the next few years substantially
more work will be done to further quantify and extend the
GER concept. Up until now, however, the concept could only
be used in situations where fuel and air flows could be accu-
rately metered and the chemical composition of the fuel was
known. This can be arranged during controlled experiments
using gas burners or liquid fuels. Even in such experiments,
however, accurate determination of air flows at room open-
ings can be problematic due to low flow velocities and flow
nonuniformities.” For fire safety purposes, solid combus-
tibles are of greatest concern, unfortunately, their burning
rate cannot be either controlled or accurately measured. '
Thus, there is a need for an instrument which can make an
in situ ¢ measurement, that is, a phi meter. By obtaining data
of CO yield versus ¢, the GER concept can be tested.

The widest range of applications for the phi meter is
probably industrial. Even for well-instrumented industrial
power plant facilities with multiple gas detectors, it would be
advantageous to have a single instrument to monitor com-
bustion efficiency. The phi meter would be useful for moni-
toring ¢ at incineration facilities, which may have a compli-
cated mix of household and industrial wastes. A portable
version could be used to monitor wood burning stoves. Also,
there are industrial processes whose success depends on op-
crating fuel rich in a narrow range of ¢. These processes
include the reduction of NO, emission by running power
plants fuel rich at one stage, the production of carbon black,
and recent developments in producing advanced materials
including fullerenes and diamond films.

Il. PRINCIPLES OF THE PHI METER

If the fuel does not contain oxygen atoms, a value of ©
can be computed by carrying out a complete analysis of all
the significant combustion products. The computation is
based on conservation of C, H, and O atoms in the combus-
tion reaction. (The small fraction of C and H present in nor-
mal air can either be ignored or corrected for.) For most
systems, however, this will require a large number of gas
analyzers, making the method neither portable nor simple.

The number of gases to be analyzed, however, can be
decreased by introducing a combustion system into the gas
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FIG. 1. Schematic of the phi meter. The excess-gas flow piping (shown dotted) is pertinent only to certain calibration experiments and is not a standard

operating feature of the instrument.

train. By passing the combustion gases through a heated
catalyst, it is possible to reduce the number of ultimate gases
to be analyzed to just CO,, H,0, and O;. In the general case
of fuel-rich mixtures, this will also require an additional oxy-
gen stream to be introduced to ensure the completion of the
combustion. The resulting system, while simpler, is still
cumbersome. The need for three gas analyzers still makes
this a relatively large and costly approach. Especially
troublesome is the measurement of H,O. In our experience at
NIST, only infrared H,O analyzers are able to accurately
measure H,O concentrations continuously in combustion gas
streams. Even so, the required heated-line plumbing is
troublesome and difficult to maintain.

The solution was found to lie in a scheme where only an
oxygen analyzer is needed. Such an approach offers the po-
tential of easy operation, low cost, and portability. The mea-
suring principle to be described has been termed the oxygen
consumption method. It represents a novel extension of a
concept earlier developed to sense indirectly the heat re-
leased from combustion processes.m‘12 The basic concept is
that, as in the scheme outlined above, a combustor is used to
burn all of the carbon atoms in the fuel to CO, and all of the
hydrogen atoms in the fuel to H,O. With the scheme to be
described below, the oxygen concentration with the combus-
tion tube in place is measured: (a) for the ambient air without
oxygen addition, (b) for ambient air with oxygen addition,
and (c) for the sampled combustion products with oxygen
addition. Analysis of these measurements then yields ¢.

Figure 1 shows the schematic of the apparatus. The
probe is inserted into the atmosphere to be sampled using a
sampling line (0.95 cm 0.d.) heated to about 100 °C to avoid
the condensation of moisture and condensible hydrocarbons
and to minimize thermophoretic deposition of smoke particu-
lates. In general, a soot filter should not be used in this line,
since reaction products showing up as soot must be recom-
busted and quantified, not igaored. The sampling line leads
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to a cylindrical tube furnace heated to approximately
1000 °C. The tube furnace is 2.5 cm in diameter and 80 cm
long, corresponding to a volume of 420 cm®. The inner oxy-
gen tube is 1.25 ¢m in diameter and extends to about the
center of the tube furnace. The opening of the tube is covered
with a platinum screen and about 6 m of 0.2 mm diameter
platinum wire is wrapped uniformly along the tube. The
chamber is packed with gauze, beads, or other forms of com-
bustion catalyst. Platinum gauze was used in our studies;
palladium is another suitable catalyst. An inlet stream of pure
oxygen, supplied from a bottled source, is also led into the
tube furnace. The oxygen flow was nominally 0.25 //min
(4.2 cm?s) and the flow through the oxygen analyzer was
about 0.5 //min (8.3 cm?/s). From the tube furnace, the gas
is passed through a thermoelectric cold trap with a volume of
about 70 cm®, an Ascarite CO, trap with a 400 cm® volume,
and an additional desiccant medium (silica gel) just before
the oxygen analyzer. It then goes through a mass flow con-
troller and into a paramagnetic oxygen analyzer. There is a
75 s delay time from entrance into the combustion tube to
arrival at the oxygen meter followed by a 65 s response time
to reach 95% of the final value. A predecessor version to the
combustion system used in the phi-meter apparatus was used
in studying the thermal decomposition of wood."?

lil. SOLUTION FOR THE EQUIVALENCE RATIO

The basic relationship for ¢ is expressed in Eq. (1). The
simplest situation is one where the reactants are unburned
(but fully mixed) prior to entering the tube furnace and there
is no additional oxygen introduced. The basic geometry can
be envisioned as two flow streams being mixed prior to entry
into the tube furnace. One stream comprises the flow rate of
the fuel, n;. The second stream has two components, oxygen
and nitrogen: 7'10(02) and n°(N,). Then, ¢ is
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where r'zf is the molar flow of fuel, r'z“(Oz_) is the ambient
molar flow of oxygen, and #,(0,) is the molar flow of oxy-
gen required for complete stoichiometric combustion. The
latter, in turn, is given by

1,(02)=n%(0,) = n(0,), (3)

where 7°(0,) denotes the ambient oxygen molar flow rate,
while 7(0,) is the exhaust molar oxygen flow rate. Combin-
ing the above two equations, gives

%0y - i(0,)

=00, “)

The nitrogen does not participate in the combustion reaction,
thus the flow rate of nitrogen is identical into the combustor
and out of it. Dividing through by the nitrogen flow rate and
making use of the fact that

ﬁ()(Nz):ﬁ(Nz) (5)
gives

:(ﬁ"(oz)_ﬁ(oz)) (ﬁ“(oz>) C®

PR RNy nY(Np)/)’

Since the ratio of molar flows is equal to the ratio of molar
fractions, we can express Eq. (6) in terms of the mole frac-

tions X and XN2 ,
Xo, ,
XT, , (7)

where ng denotes the ambient oxygen mole fraction

(=0.21). Noting that H,0 and CO, have been trapped out of
the gas stream presented to the gas analyzer, for any set of
conditions,

X(0;)+X(Ny)=1. 8
Then,

1 Xo, ——1_ng 9

= X& 1_X02~ 9

As a consistency check on Eq. (9), we consider the two ex-
tremes of X¢ equals ng and 0. This leads to the expected

results of =0 and =1, respectively.

As an example, we consider methane entering at 1 mol/s,
oxygen at 4 mol/s, and nitrogen at 16 mol/s. The changes in
the gas composition resulting from going through the com-
bustor and then the dryer and the scrubber are expressed as
follows:

tube furnace

CH4+402+ 16N2 E— C02+2H20+202+16N2

dryer, CO; scrubber
20,+16N,. (10)
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In this example, 7°(0,) is 4 mol/s and 7(0,) is 2 mol/s, so
from Eq. (4), ¢=0.5. Next, we consider the case where the
methane and air burn before being sampled by the phi meter.
So in this case Eq. (10) is modified to read

flame

CH,;+40,;+16N; ——— combustion products

tube furnace

—— CO,+2H,0+16N,+20,

dryer, CO; scrubber
20,+16N,. (11)

In this case, #1°(0,) is the molar flow of oxygen into the
flame, which we will term the ambient oxygen flow, and is
not the molar flow of oxygen in the combustion products
going to the tube furnace. Thus, ¢ is determined by the same
procedure as if the fuel and oxygen had not reacted before
entering the combustor.

The above derivation assumed that only systems with
@<1 are being studied. In actual fact, of course, the fuel-rich
regime also needs to be characterized. For this, the supple-
mental “oxygenator”’ stream is used. The molar flow of oxy-
gen in the oxygenator stream is defined as n%(0,). In this
case, the expression for the molar flow of oxygen for com-
plete combustion, 7,(0,), given by Eq. (3) has an additional
term:

n{(02)=1%0,)+4%(0;) —n(0y). (12)

This, in turn, results in an additional term in the expression
for ¢ compared to Eq. (6). The second and third terms in Eq.
(13) correspond to the ¢ given by Eq. (9). The first term in
Eq. (13) is defined as ¢, and it will be shown below how @
can be expressed in terms of oxygen volume fractions.

_ﬁ"(02)+ﬁo(02)_ﬁ(02)) r‘z°<02>) A
ANy RN ANy /gy 1)

Using the ideal gas law, 7“(O,) and n(N,) can be expressed
in terms of the volumetric flow of added oxygen, V,, and the
total volumetric flow to the oxygen analyzer, V:

VP,

n(0,)= RT (14)
VP(1-X,)
(Ny) = (15)
Using Egs. (14) and (15), ¢, can be expressed as
_(r‘z“(oz>) (ﬁ0(02>)_ (1-Xo,)VoPaT
AN A'(Ny)) " X3 (1-Xo ) VPT,’
(16)

where the following relationship is used for the denominator
in Eq. (13):

0
1%(0;) o,
n'(Ny) 1-XxQ

(17)

The volumetric flow ratio V,/V can be expressed in terms of
the ambient volume fraction of O and of the volume fraction
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of O, at the O, analyzer for the case of ambient air at the
inlet, X '02. It is assumed that the temperature and pressure

are the same for the oxygenator and the oxygen analyzer.
Then, from the definition of volume fraction, X ’07 can be

related to the flow ratio: We note here that X 2)2 is defined for

a particular total volume flow through the analyzer. This vol-
ume flow must remain constant during the test for the fol-
lowing equations to apply. Solving then for V,/V,

Vet (V- VaXo, v

om——y -~y X)X, (18
V., _XBZ—ng
VTR 19

The quantity ¢, is obtained by substituting the expression for
the flow ratio given by Eq. (19) into Eq. (16):

0,~Xo,

‘P1=X—?)2(—1—:)K2) . (20)

The expression for ¢ is obtained for the case of added oxy-
gen by adding the expression given in Eq. (9), which corre-
sponds to no O, added, to that for ¢,, given in Eq. (20):
1 Xo,(1-X3)  Xo,—Xo,  Xo,~Xo,
(P= — + = .
Xo,(1-Xo,)  Xo(1-Xo,) Xo,(1-Xo,)
(21)

The corresponding expression in terms of volumetric flow
rate, for later reference, is obtained from Egs. (9) and (16) as

1-Xo, (1-X3)Ve

Xo

2
+ .

1-Xo, Xo (1-Xo,)V

Xo,

p=1- (22)

It is important to note here that in Eq. (21) only three pieces
of data are required: the base line oxygen concentration with-
out oxygenator (X?)z)’ the base line oxygen concentration

with the oxygenator (X5 ), and the oxygen concentration
2
under combustion conditions (Xo,). It may be noted that the

volumetric flow does not require monitoring but it must re-
main constant.

In the derivation of Eq. (21) it was assumed that the
volume flow remained constant. However, the typical mass
flow controller actually produces a constant enthalpy flow.
Heat is delivered to the stream at a constant rate and the flow
is controlled to produce a constant temperature rise. As long
as the molar heat capacity of the fluid is invariant, as it
would be for a flow of fixed chemical composition, this also
ensures a constant volume flow rate. The fluid passing
through the oxygen analyzer is a mixture of oxygen and
nitrogen with the oxygen concentration varying from X 62 to

0. Since the molar heat capacities of oxygen and nitrogen are
similar, the volume flow is nearly constant so that Eq. (21) is
a good approximation for most applications. However, this
equation can be readily expanded to deal with constant en-
thalpy rather than constant volume flows.

For constant enthalpy flow,
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Co

—— Xo,+1-Xq,

Cn V = constant, (23)

2

where Co, and Cy, are the constant-pressure specific heats.
Because the flow is now allowed to vary, the volume flow, V,
in Egs. (18) and (19) must be regarded only as its value with
ambient air at the inlet and should be designated as V'. Then,
using Eq. (23), the following expression is obtained for the
flow ratio, V!/V, which is denoted as B:

Vi 1-[1-(Co,/Cy,) X0,
% _"3_1—[1—(C02/CN2)]X§)2 '

(24)

Assuming again that the temperature and pressure are essen-

tially constant, Eq. (16) can be written as
(1-Xp) v, v
o1= o T (25)
X5,(1-Xo) V' V

Substituting 8 for V¥/V and Eq. (19) for V,/V', ¢, is given
by
B(Xo,~Xo))

SR Koy e

The equivalence ratio ¢ is obtained from Eq. (22) by replac-
ing the third term on the right hand side, which is equal to
¢,, with the expression in Eq. (25). The final result can be
expressed in the following compact form:

'B(Xi)z—X((])z) +X%2 _on
Xo,(1-Xo,)

¢ 27

Note that Eq. (27) reduces to Eq. (21) when C 02=C N,

IV. OPERATING RANGE

For an instrument based on this concept to be viable, it
first had to be demonstrated that the range of ¢ values en-
compassed is acceptably broad to be useful in practical work.
For the study of CO toxicity in unwanted fires, a range of
0.5=<¢=2.5 encompasses the regime of primary interest. The
upper end will rarely exceed 3.0, because combustion that is
so fuel-rich is normally difficult to sustain. At the low end,
some very dilute processes can possibly be of interest; as
will be shown, for such situations the phi meter would not be
suitable. For most other uses, however, the operating range
will be seen to be adequate.

The upper limit to ¢ values that can be measured is set
simply by the oxygenation level. By setting X(0,)=0 in Eq.
(21), one obtains the following expression for ¢, :

X ’02
‘Pmaxzﬁ . (28)
2

Thus, if X%7:0.21 and it is desired to measure up to a

maximum of ¢=3.0, the oxygenator flow must be sufficient
to set X'02:0.63 (in practice, higher than 0.63, to ensure

complete conversion of the incomplete products of combus-
tion to CO, and H,0). At the low-¢ end, the limits to the
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operating range are set by the accuracy of the oxygen meter
as discussed in the uncertainty analysis. For X, = 0.75, the

phi-meter range of operation is from 0.3 to 3.0 with the
highest precision for the largest ¢. By changing the value of
'02, the minimum value of ¢ could be reduced to about 0.1

(Xo,=0.24) or increased to about 4.0 (Xo, = 0.87).

V. RANGE OF FUELS

The phi meter as described above will apply to fuels
containing C, H, and O, since the products of complete com-
bustion consist of only CO, and H,0, which will be
scrubbed from the system. There is a range of common en-
gineering plastics of interest to fire safety that contain addi-
tional elements. They include Cl in polyvinylchloride (PVC),
N in polyurethane, F in polytetrafluoroethylene, and S in
polysulfonates. Our analysis is based on the assumption that
only O, and N, are present in the Q, analyzer and that all
other gases have been scrubbed out. The scrubber selected
for removing CO, may also be effective in removing other
products of combustion such as Cl, and HCI from PVC and
oxides of nitrogen and sulfur that might be produced by the
combustion of polyurethane and polysulfonates. Additional
scrubbers may be needed for special applications. Any (un-
usual) combustion process which would produce large
amounts of N, as a combustion product would not be subject
to analysis, since the assumption is made that N, is not pro-
duced in the fire or in the tube furnace.

VI. AN ALTERNATE CLOSED-LOOP ARRANGEMENT

The bulk of the development work done at NIST on the
phi meter has been carried out under the conditions as de-
scribed above. One limitation to the system is that the output
is not direct reading, but one requiring a nonlinear computa-
tion (albeit a fast and noniterative one). A somewhat different
arrangement is possible whereby the sensing element is
placed in a closed loop, controlling the flow rate of the oxy-
genator. This application would resemble in certain features
an isothermal heat release rate calorimeter earlier developed
at NIST." In the present case, the oxygen analyzer would
function as the sensing element and the system would be set
up to have the feedback loop add enough oxygen to always
maintain the oxygen analyzer reading at its setpoint value.

The equation describing this arrangement is especially
simple. It is obtained from Eq. (22) for the case that X 0,

—x3,:

_ Ve 29
(P_X%7V, ( )

where V is the volume flow through the oxygen analyzer, V,
is the volume flow of oxygen being supplied by the oxygen-
ator, and X((’)2 is the ambient oxygen molar fraction. Such an

arrangement would be direct reading in the value of ¢ which,
apart from constants, would be proportional to the voltage
being sent to the flow controller controlling the supply of the
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TABLE 1. Experimental efficiency in oxidizing 35 nm average-diameter
soot particles for various residence times using 1000 °C tube furnace con-
ditions.

Residence time (s) Fraction of soot oxidized to gases

30 0.95-1.0
15 0.70-0.90
7.5 0.50-0.70

supplemental oxygen. For the development of this alternative
to be practical, system delay times would need to be care-
fully adjusted to avoid control instabilities.

VII. EXPERIMENTAL
A. Residence time

It was considered essential that the phi meter be capable
of combusting not only gaseous products of incomplete com-
bustion but also solids, that is, soot. Thus, a preliminary
study was carried out to determine if the concept was fea-
sible under conditions of an acceptably short residence time
(which is defined as the gas flow time during which the gas
sample is flowing through the heating zone of the-egmbus-
tor). The requirements for the residence time and for the
operating temperature are int€rrelated: as the soot particle
size is increased, more residence time, a higher operating
temperature, or both are required. '

To test out the residence time and combustor tempera-
ture needed, a coannular diffusion burner was constructed,
fueled with acetylene. The mass generation rate of soot from
this generation method was quantified using a tapered-
element oscillating microbalance (TEOM). A fraction of the
soot output from the burner was drawn through the combus-
tion tube, through a tube connecting the TEOM and the com-
bustion tube, and into the TEOM. The experiments were con-
ducted by setting the combustor temperature to 1000 °C and
by varying the residence time. The fraction of soot oxidized
to gases was computed based on the TEOM measurement of
the soot concentration for the heated and unheated tube. As
the soot leaves the combustion tube at 1000 °C, it rapidly
cools to near-ambient temperature before reaching the
TEOM. The large temperature gradient results in thermo-
phoretic deposition of the soot particulates on the walls of
the tube. In computing the fraction of soot oxidized to gases
we estimate that 50% of the soot particulates were lost to the
walls by thermophoresis. This estimate is based on previous
measurements on the effect of the inlet gas temperature on
the particle deposition in a tube. The experimental results are
given in Table 1.

It is also possible to compute a theoretically predicted
time to oxidize a soot spherule. According to the Nagle
Strickland-Constable theory, the oxidation of a spherule of
initial diameter D; proceeds according to

D=D;—2wt/p, (30)

where D is the diameter after the combustion process, and
this should approach zero if the combustor operation is sat-
isfactory. The residence time is ¢, while p is the density,
taken as 2000 kg m . The oxidation rate w was taken'® as
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TABLE 11. Theoretical reduction in sphere diameter due to a 30 s residence
time at various combustion temperatures.

Temperature (°C) D,~D (nm)
700 7
800 40
900 150
1000 470
1100 1260

113 exp(—E/RT) kgm™2s "', with the activation energy E
taken as 143 kJ mol "!. According to the above equation, for
a residence time of 30 s, the relationship of combustor tem-
perature to maximum sphere diameter to be completely
burned can be computed and this is shown in Table I1.

The primary spherule size being generated by the acety-
lene burner generation scheme was measured with transmis-
sion electron microscopy and determined to be approxi-
mately 35 nm. The predicted results suggest that for a 30 s
residence time a minimum temperature of 800 °C would be
adequate to oxidize the soot. Experimentally, it was found
that a higher temperature of 1000 °C (which is easily attain-
able in normal practice) was necessary to complete gasifica-
tion of the soot. Thus, the experimental results (Table I) are
reported at a temperature of 1000 °C.

B. Methane calibration

The first step in actually checking out the operating prin-
ciple of the phi meter was to meter in individual flows of
methane, oxygen, and nitrogen. In such an arrangement, ex-
ternal combustion is not used at all and the 100% unburnt
fuel is presented to the phi meter. A direct determination of
the actual ¢ is available, due to the known flow rates. Based
on flow calibrations using either the soap film method or a
dry test meter, we estimate fractional systematic uncertain-
ties, 8V ;/Vair and 6V pethane/ Vmethane » fOr both fuel and air as
+0.02. The imprecision for repeat flow settings calibrations
divided by the flow is estimated to be +0.01. The effect of
these uncertainties on the uncertainty in ¢ is computed in a
separate section below.

Equations (21) and (22) assume a constant outlet flow,
while for this calibration the inlet flow is constant. In this
case the appropriate equation, which is derived in the Appen-
dix, is given by

Xo, 1-Xo, Xo,—Xo,
— + — .
xg2 1-Xo, X%Z(I—on)

p=1- (31)

The value of ¢ inferred from the X, measurements together
with Eq. (28) is compared with ¢ computed based on the
inlet flow of oxygen and methane in Fig. 2; the agreement
between the two is seen to be excellent.

In the next step of the experimental study, an external
combustion system was set up. Air and methane were me-
tered into a premixed burner. A fraction of the combustion
gases leaving the burner was drawn into the phi-meter sam-
pling port. As would be expected, combustion of the external
burner could not be maintained under excessively lean or
rich equivalence ratios. The points are indicated in Fig. 3

2372 Rev. Sci. Instrum., Vol. 65, No. 7, July 1994

w
=]

T 1 I
Equality line
o Data points

g
o
T

N
o
T

-
o
T

o
3]
T

EXPERIMENTALLY MEASURED ¢
o
T

i L {

1 1
0.5 1.0 1.5 2.0 25 3.0
VALUE OF ¢ FROM KNOWN INFLOWS

(=]
o

FIG. 2. Comparison of directly computed ¢ against its value as determined
from Eq. (21). Methane is the fuel gas. There is no external combustion; all
combustion takes place within the combustor of the phi meter only.

where external combustion was sustained. For the remaining
data points, the only reaction taking place was within the phi
meter. For both conditions, good agreement between the cali-
brated flows and the measurements is seen. It can also be
seen that there is no deviation in trends between points
where external combustion was sustained versus those where
it was not.

The methane flame used produced only a small amount
of soot. Thus, the next series of experiments undertaken were
using acetylene as the fuel gas.

C. Acetylene calibration

To calibrate with acetylene quantitatively, it was neces-
sary to devise a scheme whereby excessive soot losses would
not occur prior to the products entering the phi meter. The
method adopted is shown in Fig. 4. The actual air—acetylene
flame was established directly within the inlet region of the
phi meter’s tube furnace. Two variant experimental series
were conducted. In the first, the inlet tube of the phi meter
was closed with a stopper so that the inflows were exactly
known. The excess-gas discharge (dotted lines in Fig. 1) was
needed for this configuration. In the second series, the stop-
per was removed and the excess-gas discharge port was
closed. Theoretical values of ¢ could still be known since the
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FIG. 3. Comparison of directly computed ¢ against its value as determined
from Eq. (21). Methane is supplied to an external premixed burner; the
products of combustion are sampled by the phi meter.

Combustion



Stopper\,\r

Valve Tube
furnace
Valve
Mass flow Mass flow
controller controller

Acetylene Bottle
air

FIG. 4. Experimental arrangement used for acetylene flame calibrations.

amounts of fuel and air flow were such that there was a net
spillage to the outside occurring at the phi-meter inlet, not a
sucking in of room air. It is believed that the slight system-
atic shift from the equality line in Fig. 5 was due to acetylene
calibrations of the fuel supply flow controller having been
less accurate than those for methane. The curvature seen for
the highest ¢ values possibly represents the beginning of
soot breakthrough. Acetylene was deliberately selected as
having the sootiest combustion products that could readily be
generated. Burning it in the regime of ¢>2 constitutes ex-
ceedingly fuel-rich, soot-laden conditions.

D. Tests in reduced-scale fire test room

An experimental room was constructed at NIST which
represents a 2/5 scale model of a fire test room most com-
monly used in U.S. practice.'® Fires of natural gas, hexane,
and wood were studied in this environment. The range of
heat release values examined covered from 7.5 to 600 kW.
The phi meter was seen to give satisfactory performance
over the range of conditions studied. For these 1-2 h experi-
ments, the Ascarite CO, trap was replaced with a 250 ml gas
scrubber bottle filled with 2 M NaOH to overcome clogging
problems experienced with the Ascarite trap that was used.
The use of a fine glass frit to produce small bubbles removed
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FIG. 5. Comparison of directly computed ¢ against its measured value.
Equation (31) was used for the closed-tube experiments, while Eq. (21) was
used for the open tube configuration. Acetylene is the fuel gas, burned in the
arrangement shown in Fig. 4.
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TABLE III. Uncertainty analysis for ¢ with Xé), = 0.63.

¢ Xo, u(05)/¢* u(0,)/¢ Uig®
0.1 0.622 *0.250 *0.245 *0.568
0.5 0.587 +0.047 +0.042 +0.108
1.0 0.532 +0.020 *=0.016 +0.050
L5 0.460 *=0.012 +0.008 +0.032
20 0.362 *0.007 +0.004 *=0.024
25 0.221 *0.005 =0.002 +0.018
3.0 0.000 +0.003 +0.001 *0.014

“The symbols u(O,) and u(0%) refer to the uncertainties in X (0O;) and
X(0)), respectively.

PThe symbol U refers to the expanded uncertainty (95% confidence interval)
in the measurement of ¢.

essentially all of the CO,. Since the main purpose of these
experiments, however, was not to calibrate the phi meter but
to already use it as a measuring tool, details of results are
being reported separately.®

E. Uncertainty analysis

The determination of the uncertainty in ¢ requires esti-
mates of the experimental imprecision and the systematic
uncertainties associated with the measurement of Xo, and
X 62. From repeat measurements, we estimate the impreci-
sion to be =0.02. The systematic uncertainties are estimated
by computing the logarithmic derivative, &In ¢)/dp,, where
the parameter p; represents X(0,) and X*(0O,). We obtain the }
following results for the uncertainties u(0,) and u(Q5),
where u denotes the uncertainty in a given variable:

u(Oé) %

- , 32
¢ bz_on oY
u(0y) _ —5oz(le62) | )

¢ (1*X02)(X2)2‘X02)

We operate the phi meter with X 62 = 0.63, and we estimate

the uncertainty in the paramagnetic oxygen analyzer, &O,)
and 5(03), as +0.002. The computed values of the uncertain-
ties as a function of ¢ are given in Table IIl. The combined
uncertainty, u,., is obtained by adding in quadrature the im-
precision to 1/3 the sum of the systematic uncertainties.

ue={u;+(1/3)[u(0,)*+u(04) )}, (34)

We obtain an expanded uncertainty, U, corresponding to the
95% confidence interval by multiplying u, by a factor of 2.
As indicated in Table III, the expanded uncertainty for =1
is +0.05. The uncertainty for large ¢ is determined by the
imprecision, while for small ¢ the accuracy of the oxygen
analyzer is also important.

We can perform an analogous uncertainty analysis for ¢
based on the flows of air and fuel. The systematic uncertain-
ties, 8V i/V,i and 8V cnane’ Vimethane » ar€ combined with the
imprecision, which in this case is the standard error, to give
u (flow)/o=*0.019 and U(flow)/¢=*+0.038. The results in
Figs. 2 and 3 are generally consistent with the predicted un-
certainties. The predicted uncertainties are largest for small
¢, though such an effect is not apparent from the data. A
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possible explanation is that the low ¢ measurements were
made just after measuring X ’02 so instrument drift was a mi-

nor factor for these measurements. The measured ¢ for
acetylene in Fig. 5 underestimates the correct ¢ by more than
the predicted uncertainty. The larger discrepancy may be a
result of smoke penetration through the combustion tube
which is not included in the uncertainty analysis.

VIil. PRACTICAL CONSIDERATIONS

The basic size of the instrument is determined by the
type of oxygen analyzer used. The system can be substan-
tially reduced in physical size and sample gas flow require-
ments by selecting an oxygen analyzer with low flow re-
quirements. Precision paramagnetic oxygen detectors are
now commercially available which require only a ~1.3
cm?/s flow. This is compatible with a 10%—-90% rise time of
<4 s. The sizing of the system then proceeds from the re-
quirement of a 30 s residence time.

The experimental combustion system was constructed
using quartz tubing. This is essential for building a proto-
type, since a visual check is needed for incomplete soot oxi-
dation in the tube. Breakable tubing, however, would not be
desirable in a portable-use instrument. It was considered that
for routine use a combustion tube made of Inconel 601 alloy
or a ceramic such as mullite would be appropriate. The ac-
tual geometric arrangement can take various forms; for sim-
plicity it will be assumed that a long straight tube is used as
the combustion chamber. Taking a 30 s residence time re-
quirement and a flow rate of 1.3 cm?s gives a required vol-
ume of 40 cm?®, which can be met by using a tube with an i.d.
of 16 mm and a length of 200 mm. In practice, the 200 mm
length would probably be increased to 300 mm to provide
some additional residence time to ensure combustion com-
pleteness. These values are practical.

The simple cylindrical tube shape used in the NIST de-
velopment work does not represent the only combustion
chamber that can be considered. In our studies the oxygen
flow, as indicated in Fig. 1, opposed the sampled flow, result-
ing in a flame forming near the oxygen inlet for ¢ greater
than 1. This flame assisted in the conversion of the sampled
combustion products including smoke particulate, unburned
hydrocarbons, and CO to CO, and H,0. For some applica-
tions it would be more convenient to place the oxygenator
stream inlet at the entry of the combustor, though there may
be less efficient conversion of the products to CO, and H,0
and there is also the possibility of combustion instability
resulting from the heating of a combustible mixture as it
flows down the combustion tube. Both combustor shapes and
catalyst geometry could well be varied in optimizing the
completeness of combustion for highly sooting samples.

The heated inlet tube should have a diameter of ~6 mm.
Larger tube diameters are not needed and would slow down
the response of the system. Smaller diameter tubes, however,
normally cannot be used because of a tendency to get
clogged with soot.

The system for removing H,0 and CO, from the line
going to the oxygen analyzer can be designed according to
accepted methods.!* It is important to take account of the
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fact, however, that sustained levels of combustion products
that must be removed may be substantially greater than in
some common current oxygen measuring systems. If rapid
time response of the system is desirable in a particular appli-
cation, excessively large volumes should not be used for the
H;0 and CO, removal traps. Some scrubber arrangements
can be particularly prone to soot clogging should operating
limits of the instrument be exceeded and unburned soot
break through past the combustor. Thus, in most cases, a soot
filter immediately upstream of the first trapping device
should be present.

The prototype phi meter, as designed, was intended for
relatively short sampling periods (<~1 h). The single-run
operating time is limited by the time period required to satu-
rate the H,O and CO, removal media. For use in situations
where extended-period monitoring is required, different ar-
rangements would need to be made. These could take the
form of different arrangements for the scrubbing media being
adopted. For example, if fast system response time is not
required, very large containers of scrubbing media could be
used. Alternatively, for certain monitoring applications a
periodic-sampling (start/stop) scheme might be imple-
mented.

A practical, portable instrument will also need to incor-
porate a portable system for calibration and a convenient
means for determining the end of the lifetime of the catalyst.
These features will need to be provided by a manufacturer
making an instrument based on the principles described.

IX. DISCUSSION

A novel instrument has been developed for portable,
modest-cost monitoring of combustion stoichiometry. The
measuring principle is based on oxygen consumption. This is
especially attractive since it does not require calibrations or
adjustments specific to the fuel type being used. The operat-
ing range is approximately centered on ¢=1. The NIST pro-
totype instrument showed successful operation for mixtures
as rich as ¢=3. For richer yet mixtures, a more optimized
arrangement for the catalytic combustor would be needed. At
the low-¢ end, no systematic deviation was seen even for
¢=0.1.

The initial applications have been toward quantifying the
stoichiometry of experimental room fires being studied as a
fire safety engineering topic. Hitherto, the equivalence ratio
in such fires was difficult to determine, since fuel composi-
tion may not be known and both air and fuel flow rate mea-
surements are typically subject to major uncertainties. The
new instrument has been demonstrated to function well in
characterizing such fires. For broader application, we see its
utility as a general combustion diagnostic method. The phi
meter will find application in various situations where a com-
bustion process needs to be quantitatively studied but a full
range of monitoring instrumentation has not been installed.
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APPENDIX: ¢ EQUATION FOR CONSTANT INLET
AIRFLOW

The normal operation of the phi meter is to have con-
stant flow at the outlet. For calibrating the system, it was
convenient to have a constant inflow of air and to adjust ¢ by
varying the inlet flow of fuel. For the case of constant inlet
flow of air and added oxygen to the oxygenator but no fuel
flow, we obtain the following expression for the mole frac-
tion of oxygen:

né +nd
i 2 2
0,~ 7 T 0
2 n‘(‘)2+noz+nNZ
ng +ny.
== 0 - (; 0 - (Al)
ag,+ g, +[(1=X0 )Xo Jng,
From Eq. (13), we see that ¢, can be expressed as
ﬁf)z
C1==75 - (A2)
no,

Dividing the numerator and denominator of Eq. (Al) by
ri(c')z, we obtain

Xo,=(¢1+1) —— | (A3)

Solving Eq. (A3) for ¢,, we find
é’z—ng

:X()2(1— _{)—2) . (A4)
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The expression for ¢, given by Eq. (28), is obtained from the
sum of ¢, and the expression for ¢ given by Eq. (9), which
corresponds to no oxygen addition.
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